By nanoindentation of different regions in a bimodal grain sized distribution Cu-Al eutectoid alloy, the mechanical behavior of micrometer-grained and ultrafine-grained region was investigated. And it is concluded from this study that the strain-hardening coefficient of micrometer-grained region could be critical to the ductility improvement of nanostructured material through bimodal mechanism.
Introduction
The macroscopic effective properties of multiphase composites are strongly dependent on the microstructure and properties in the individual region of each phase. 1, 2) To interpret the mechanical properties of multiphase composites, properties of constitutional phases need to be characterized, in addition to modeling of the effective properties of such composites through continuum/micromechanics or empirical equation. 3, 4) When the characteristic sizes of constitutional phases reach micrometer and submicrometer scale or less, the mechanical responses of these phases in the composite may possibly differentiate from that in their monolithic state. For example, in pure copper with bimodal grain size distribution, 5) the micrometer-sized grains encapsulated by ultrafine-graind (UFG) matrix, are under multiaxial stress states and plastically deform at higher stresses, which behave differently from conventional copper materials with uniform microstructure of similar micrometer-sized grains. This difference might lead to very different conclusions in understanding the mechanism of toughening effect of this bimodal structure.
So far, large grains with low strength and high strainhardening ability are considered to delay the plastic instability and sustain the uniform deformation in bimodal metals. 6) However, this believe is not adequately demonstrated by experimental date. Therefore, the strain-hardening ability of micrometer-grained region in a bimodal structure needs to be charaterized, and the toughening effect through bimodal strategy could be reasonably analyzed with respect to strain-hardening rate.
In present study, instrumented nanoindentation was used to detect the mechanical properties of constitutional regions in bulk materials with bimodal structure by measuring their load-indentation curves and numerically processing based on a computational model. 7) The bimodal structure was obtained in a hypo-eutectoid Cu-10.8 mass%Al alloy processed by severe plastic deformation (SPD) + annealing. Relationship between mechanical properties of bimodal metals and the constitutional phases was also listed for discussion.
Experimental Procedure
The sample preparation for nanoindentation consists of mechanical polishing with diamond paste followed by chemical polishing in 50% phosphoric acid, 28% acetic acid and 22% nitric acid, which is used to remove the strainhardened layer due to mechanical polishing and to etch slightly the microstructure. Micrometer-grained pre-eutectoid phase has unique island-shaped aggregates of grains with 5-10 mm diameter, which are embedded inside a sea of UFG eutectoid matrix with grain size less than 1 mm (as shown in Fig. 1 ). However, the surface roughness of the UFG matrix is obviously very high due to the selective etching of Al-rich phase from the eutectoid structure during chemical polishing.
To eliminate the influence from roughness to nanoindentation, the UFG matrix with low roughness through lightly etching was prepared for nanoindentation (as shown in Fig. 2(c) ).
The detailed processing procedure to introduce bimodal structure into this Cu-Al alloy can be found in Ref. 8 ). Annealing at two temperatures (400 C and 450 C) after SPD were used to change the intrinsic mechanical properties of micrometer-grained region. Nanoindentation tests were performed using a Shimadzu DUH-W201S machine. The system has a load and displacement resolution of 100 nN A three-sided pyramid Berkovich indenter with tip angle 110 was used for the indentation test. During the test, indenter load was increased gradually at a rate of 2.65 mN/s, starting from the surface of the specimen, up to a maximum load of 100 mN. The load was then held constant for a period of 10 s. Six indentation-marks with submicrometer spacing were made in micrometer-grained and UFG regions, respectively. After indenting, the residual indentations were observed by SEM with JEOL-JSM-6380LV equipment.
Results and Discussion
Residual indentations are shown in Fig. 2 . Figure 3 presents typical load-indentation curves corresponding to indentations into micrometer-grained and UFG regions in bimodal Cu-10.8 mass%Al samples annealed at two different temperatures. Note that the indentation depths exceed the critical values 9) that necessary for reflecting all the strengthening factors in both micrometer-grained and UFG regions. Therefore, these curves in Fig. 3 indeed represent their intrinsic mechanical responses to applied load. It is evident that the attained depths for the maximum load in case of micrometer-grained region show an obvious discrepancy at two annealing temperatures, which indicates the substantial variance of its mechanical properties. However, the mechanical properties in UFG region seem insensitive to annealing temperature.
The detailed numerical procedure to get the values of Young's modulus E, yield strength y and strain-hardening coefficient n can be found in Ref. 7) . The calculated average values of E, y and n of micrometer-grained and UFG regions in bimodal structure at different annealing temperatures are listed in Table 1 . The Young's modulus of micormetergrained and UFG regions decrease slightly with the annealing temperature increment. Meanwhile, there indeed exists difference in Young's modulus between micrometer-grained and UFG regions. According to Ref. 8), these two constituent regions are in-situ formed respectively in the hypo-eutectoid and eutectoid phase. Thus, Young's modulus differs in each consitituent because of chemical compositional difference. The effective Young's modulus of bimodal structured material is not only totally determined by that of each constitutional region, but also related to other parameters such as volume fraction and Eshelby's tensor. 10) The yield strength of UFG region is apparently higher than that of micrometer-grained region, which is attributed to grain size effect and the presence of second phase due to eutectoid Mechanical Behavior of Different Constitutional Regions Characterized by Nanoindentation in a Bimodal Cu-Al Alloydecomposition in the eutectoid matrix. With the annealing temperature increasing, the yield strength decreases consistently because of grain growth. While the strain-hardening coefficients of these two regions evolve differently. The n value of micrometer-grained region is low after annealing at 400 C but evidently increases to 0.17 at 450 C. In contrast, n value of UFG matrix is less than 0.1 all the while. Figure 4 shows the dependence of tensile behavior of bimodal structured material on strain-hardening coefficient of micrometer-grained region. The deformation behavior of bimodal material are sensitive to strain-hardening coefficient of micrometer-grained region, especially an obvious enhancement in uniform strain with the increasing strainhardening coefficient from 0.07 to 0.17. The stress-strain curves of Cu-11.8 mass%Al alloy with unimodal structure, that is, fully consists of UFG matrix, are also given for comparation. It is clear that because the strain-hardening coefficient is too low to sustain the uniform elongation, the unimodal UFG Cu-11.8 mass%Al sample shows no uniform elongation even after annealing at 450 C. A comparison between these two groups of stress-strain curves indicates that the uniform strain of bimodal sample is actually dependent on the toughening effect of micrometer-grained region. An increase in the strain-hardening coefficient of micrometer-grained region can lead to an enhanced uniform strain of bimodal metals, which results in a remarkable increase of toughness expressed by the area under the true stress-strain curve. Additionally, the yield strength of bimodal structured material is located between those of micrometer-grained and UFG regions. As a special composite, the initial effective yield stress of bimodal structured material has been found to correlate with yield stress and elastic modulus of each constituent phase (or region).
11) The elastic modulus of each consitituent not only affects the elastic behavior but also yield stress of bimodal structured composite. While for plastic behavior, particularly the uniform elongation of bimodal structured material, the strain-hardening ability of constituent region is more crucial than elastic modulus.
The role of the micrometer-grained region embedded in UFG matrix for toughening is usually considered as a barrier to propagating microcracks, active shear bands or other kinds of heterogeneous deformation 6, 12, 13) that form in the matrix because of its high stress concentration and low strainhardening ability. Moreover, the ductile micrometer-grained region ultimately develops necking to release the strain and hence contributes to the overall ductility of the sample. Higher strain-hardening ability quickly increases the strength of micrometer-grained region and reduces the strength gap to UFG matrix. This process effectively increases their plastic strain compatibility and consequently hinders the delamination of interface, which is beneficial for improving ductility.
Conclusions
Mechanical properties as yield strength and strain-hardening coefficient of micrometer-grained and UFG regions in bimodal Cu-Al alloys were determined by the nanoindentation method. Results indicate the positive relationship between the uniform elongation and the strain-hardening coefficient of micrometer-grained region, that helps us to further understand the mechanics of toughening through bimodal mechanism and also make it possible to predict/ model its overall material response as a composite.
